The Boundary Layer Transition flight experiment (BLT FE) 4,5 was designed to address early transition and characterize heating augmentation on the trip as well as the downstream surfaces in flight. The experiment used a specially manufactured protuberance of a certain height and geometry installed in a specific location on the Space Shuttle Orbiter windward side to trip the boundary layer at a targeted Mach number point of re-entry trajectory. The trip height would be different each flight. The STS-119 and STS-128 missions were the first two flights that carried BLT FE protuberances of 0.25 and 0.35 inches tall, respectively.
Prior to these flights, a series of arc -jet tests was conceived at NASA Johnson Space Center's (JSC) Atmospheric Reentry Materials and Structures Facility (ARMSEF) pursuing the following main objectives:
1. Investigating heating augmentation on the protuberance and downstream tile acreage while demonstrating the protuberance ability to withstand the Orbiter flight-like re-entry heating environments at the BLT FE hardware location on the vehicle; 2. Investigating heating augmentation on the protuberance and downstream tile acreage while demonstrating the protuberance failure mode by exposing it to a supersonic flow of high-enthalpy air. The flight-like environments required that the arc -jet flow remained predominantly laminar while matching the flight smooth outer mold line (OML) surface temperature and matching or exceeding the expected levels of total enthalpy at protuberance tip.
Demonstration of the protuberance failure mode required exceeding the material slumping limit for a considerable amount of time. The laminar flow requirement was dropped. Changes to the arc heater configuration and alternate means of increasing the tile specimen surface temperature were considered.
This paper provides an overview of the arc -jet test setup, protuberance test models and test conditions, discussion of the arc -jet test results, including heating augmentation bump factors on the protuberance and downstream acreage tiles observed, as well as comparison with computational fluid dynamics (CFD) predictions and limited flight data.
II. Test Facility
The JSC arc -jet test facility was first described in 1983. 6 There are two test positions. Test position one (TP1) is the channel nozzle arc -jet which is used to study flat surface heat transfer at zero angle of attack. Test position two (TP2) is the conical nozzle arc -jet which is used to study heat transfer to various blunted bodies (e.g., wedges, spheres) and small flat plates at 0 to 45-degree angles of attack. Each test position includes a 10 MW arc heater and a 12-ft dia. test vacuum chamber with a diffuser. A solid-state power supply; water cooling system; boiler, 4-stage steam ejector system; vacuum pumping system; test gas supply system; control room; and data room are common and can serve either test position. 6 The arc heater of either TP1 or TP2 contains a multi-pack dual-diameter constricted arc column. A tungsten cathode is used as the upstream electrode, and a conical copper anode is used as the downstream electrode. The arc heater contains a variable number of individually water-cooled and electrically insulated constrictor segments assembled in modular packs, 18 -20 segments each. 6 The number of packs in the arc heater may vary from 5 to 14 to achieve various levels of gas bulk enthalpy. This test program used the arc heater configurations with 10 and 14 packs.
The vacuum chamber can maintain a Because the Orbiter surface in the Figure 2 . Photograph of TP1 showing components of the arcvicinity of the BLT FE location is flat, 5 et facili the J ^'. TP1 channel nozzle apparatus was chosen for this test program. The typical Orbiter tile surface temperatures at that location during re-entry suggested that BLT arc -jet tests were to be conducted in the 24x24-inch test section. array (VCTA) was used as a carrier for the protuberance tile inserts. It allowed for quick in-situ replacement of the protuberance models without dismounting the whole array. The VCTA tiles were Lockheed Insulation (LI-900). Later on in the test program three downstream tiles were replaced with higher density LI-2200 tiles that could better withstand elevated heating levels. The protuberance tile inserts were installed in the tile array such that the protuberance forward surface (a larger radius of curvature) faced the flow at a 45-degree sweep angle to resemble the protuberance orientation with respect to the local stream line in flight.
III. Test Models, Setup and Instrumentation
The protuberance test models and VCTA were equipped with surface, sidewall and bond line thermocouples. Type R thermocouples capable of reading temperatures as high as 3200 deg F were used for surface and sidewall measurements. Type K thermocouple were used for the bond line measurements and covered a temperature range of up to 2490 deg F. 9 Including the data acquisition system, the total temperature measurement uncertainty in these American Institute of Aeronautics and Astronautics tests did not exceed ±2% of the measured value for both surface and bondline thermocouple locations . 8 X-ray images of the protuberance tile inserts were taken prior to tests to visually check the surface thermocouple proximity to surfaces.
Locations of surface thermocouples are marked in Fig. 4 . The reference OML thermocouple (TC#4) was part of the VCTA instrumentation. It was located in the undisturbed flow region sufficiently upstream of the protuberance leading edge.
Tempilaq® temperature-indicating paint was applied to the corner tiles of the array in locations that were unlikely to see flow disturbances from the protrusion. Five different grades of paint that melt at different temperatures between 1500 and 2000 deg F were used. The intent of using the paint was to obtain another indication of the smooth RCG-coated tile surface temperature, as well as determine the usefulness of such paint for the flight experiment. Arc -jet test conditions are typically expressed in terms of test gas flow rate and arc current. Different approaches of selecting test conditions were applied to each of the two main objectives of this test series.
IV. Test Conditions

A. Flight-Like Re-Entry Heating
The flight-like environments for the protuberances were generated in the arc -jet by keeping in mind the following three conditions: 1) laminar flow upstream of the protuberance, 2) flight-like smooth OML tile surface temperatures, and 3) flight-like level of total enthalpy at the protuberance tip. The flight-like temperatures and enthalpies were tied to the BLT FE location on the vehicle. A 10-pack arc heater configuration was primarily used for the 0.25-inch tall protuberance, and a 14-pack arc heater configuration was used for the 0.35-inch protuberance only. Pre-test analytical evaluation of flight and arc -jet environments helped narrow down the circle of candidate test conditions which made calibration test runs significantly more effective.
Review of the channel nozzle arc -jet test data from previous test programs 7 suggested a number of heater regimes that produce a smooth tile surface temperature at the 24x24-inch test section in the 1500-1800 deg F range, characteristic of the Orbiter re-entry environment at the BLT FE location on the wing. An assumption for turbulent transition onset in the channel nozzle's 24x24-inch test section 6 was used to limit the candidate test Table 1 . BLT FE flight Mach number ranges covered conditions to a mass flow rate below 0.4lbm/sec. by the arc-jet conditions.
The flight-like levels of total enthalpy for various protuberance heights were extracted from eleven flight Shuttle Orbiter CFD solutions covering the Orbiter re-entry trajectory from Mach 25 to Mach 10.8 The expected arc -jet total enthalpy levels at the protrusion tip for each candidate test condition were compared to the flight values to establish the flight coverage by the arc -jet ( Table 1 ). The arc -jet boundary layer profiles of total enthalpy sampled from respective CFD solutions looked typical for hypersonic air flows, and were therefore assumed to Target cond.
Mach numbers covered (deg F) 0.25-inch trip 0. 35-inch trip  1200  12  16  1500  18  25  1600  18  ---1700  20  25  1800  25  ---2000  25  25 be similar to each other across all of the channel nozzle flow regimes. Due to a large number of candidate test conditions, the momentum thickness for each condition was initially assessed with the inviscid flow expansion methodology, 10 and then translated into a boundary layer thickness using Eq. (1).
The correlation in Eq (1) was anchored to a limited number of channel nozzle arc -jet CFD solutions available at the time. 11,8 Attention was paid to ensure that the flow is not fully developed at the 24x24-inch test section for each test condition and the boundary layer thickness is less than 1.0 inches. conditions were calibrated with protuberance model installed in place. As the tests progressed from lower to higher heating conditions, protuberance temperature data were extrapolated to guide the condition selection for the subsequent test run. The arc heater was re-configured from 10 to 14 packs. In order to further increase the tile specimen surface temperature a polished opposite cold wall was used (as suggested in Reference 6). Care was exercised in defining the exact region of the opposite cold wall that needed to be polished (Fig. 6) . A time limit was applied to the test duration at the condition that exceeded the protuberance material slumping limit so as to preserve the rest of the VCTA acreage for future tests.
Further discussion of the test conditions used in this portion of the tests is provided in the results section below.
V. Results and Discussion
A. Calibration Runs
Before any protuberance tests, calibration runs with a smooth tile array were performed. An old cavity heating test model was installed in place of the protuberance tile insert. The TC#4 reference surface thermocouple (Fig. 4) was used to monitor the smooth OML tile surface temperature to match the target value. For the 10-pack arc heater the calibration established the test conditions with smooth OML temperature of 1200, 1500, 1600, 1700, and 1800 deg F. The 1200 deg F condition was treated as a warm-up step in order to approximate the heating early in re-entry trajectory. An additional test condition (2000 deg F) was established later during one of the protuberance runs as an attempt to emulate the turbulent portion of the Orbiter re-entry at the BLT FE location. The 14-pack arc heater calibration runs established only the 1500, 1700, and 2000 deg F smooth OML temperature test conditions.
B. Test Runs With 0.25-inch Protuberance
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The 0.25-inch protuberances were tested with a 10-pack arc heater configuration only. No special methods were used to further increase heating to the test model. A total of three test runs with the 0.25-inch protuberances were conducted. Each run used a schedule of test conditions, called a test profile. Each test condition (step) in a profile is assigned with a hold time, or duration, within which it is held constant. The step-wise test profiles for the 0.25-inch protuberance are listed in Table 2 . Transition between steps typically occurs quickly, within 2-4 seconds. The last test profile in Table 2 , however, executed transitions between steps gradually in order to avoid spikes in protuberance heating. Such heating spikes would be of temporary nature and may cause protuberance material failure that would have not happened had the heat flux been raised gradually. The post-test examination of the protuberance model revealed no signs of tile material or RCG coating failure. Both protuberance and downstream acreage temperatures were within the acceptable limits. The highest temperature achieved on the protuberance tip was 2250 deg F. The characteristic temperatures observed in the 0.25-inch protuberance tests are summarized in Table 3 . The heating bump factors for protuberance and downstream tile presented in Table 3 were calculated based on the method of a single reference location and used Eq. (2):
The mean heating bump factors for the 0.25-inch protuberance constituted 1.52 and 1.16 for the downstream tile. The corresponding CFD-predicted heating bump factors were found to be significantly higher (2.94 and 1.79, respectively).
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The early experience with the temperature-indicating paint was discouraging. After the test there was still a residue from the paint smeared in the downstream direction. Application of the paint was difficult because the mixture was very viscous with large lumps of the solute unmixed within the solvent. The failure of the paint to perform as expected in the tunnel could be because the sample coat was too thick for the levels of shear in TP1. 
C. Test Runs With 0.35-inch Protuberance
A total of four test runs were conducted with the 0.35-inch protuberances, one with the 10-pack and three with the 14-pack arc heater configuration. Because the key concept of this part of the test program was reaching and exceeding the protuberance slumping limit, the protuberance temperature was of most importance and therefore closely monitored. The laminar flow requirement was not critical at that point, and was dropped.
Along with the increase of arc heater length, higher flow rates and polishing of the opposite cold wall were also used to increase protuberance tip temperature. Table 4 below provides a summary of the test profiles for the 0.35-inch protuberance. The opposite cold wall was polished for the profiles 1 and 4 to reflect some of the heat flux radiated by the test model back onto it. The technique was reliable in raising test model surface temperatures; however, the best method to account for the temperature increase in the pos-test data processing requires further investigation.
The test profile run with a 10-pack heater and a polished opposite wall generated just enough heating to the protuberance tip to produce a slumping onset. The post-test inspection revealed discoloration and some melting of RCG coating that partially exposed the protuberance thermocouple bead (Fig. 7) . Figure 8 illustrates the amount of flattening of the protuberance tip characterized by the posttest analysis of the test model surface scans. 8 The pre-test and post-test slices of the model surface scans were taken at an angle most suitable to best illustrate the shape change.
Test profile 2 (Table 4) Table 5 .
The protuberance material slumping limit 0 2 r r r --condition was re-created with the 14-pack heater configuration without the opposite 0.1 r r r r wall being polished using test profile 3 (Table 4) . A post-test photograph of that 0 T_ r r --protuberance trip is shown in Fig. 9 .
Polishing the opposite cold wall for test profile 4 resulted in an approximately 100--. which turned out sufficient enough to X (in) effectively demonstrate the protuberance Figure 8 . Protuberance shape change. failure mode. The protuberance thermocouple was lost 180 seconds into the test run. Monitoring the temperature difference between the upstream and the downstream smooth OML thermocouple suggested that the run be terminated at 520 seconds in order to prevent the possible overheating damage to the rest of the VCTA. Figure 10 illustrates the post-test condition of the protuberance trip. Along with the deformed protuberance shape, a scorch mark on the RCG coating can be seen downstream of the protuberance.
Polishing the wall opposite to the tile array raised heating to the test model by 7-23% depending on location of the particular thermocouple used for comparison. It is believed that the reflected heat flux effect may be accounted for as a fraction of total heating at a given location on the tile array. If this approach holds true, the heating bump factors derived from tests would be insensitive to the magnitude of reflected heat flux. The heating bump factors for the 0.35-inch protuberance showed a lot of scatter not only because of the polished opposite wall but also because of the high flow rate conditions. The mean heating bump factor constituted 2.34 for the protuberance and 1.16 for the downstream tile. The corresponding CFD-predicted heating bump factors were found to be significantly higher (4.14 and 1.84, respectively 11 ) yet within the range of test data. Both protuberances survived these flight-like environments with no visual damage to the tile ŝ urfaces . Surface and bondline temperatures of the r tiles immediately downstream of the protuberance were well within acceptable limits.
VI. Conclusions
Testing protuberances in the channel nozzle arc -jet is associated with generation of a series of r shocks deflected by the protuberance and -impinging onto the opposite wall of the channel. No thermal issues of the opposite wall heating were observed within the range of test environments and protuberance heights used.
Polishing of the cold wall opposite to the tile array esulted in 10-20% increase of heating to the Y g Figure 9 . Post-test photograph of the protuberance test model. This technique produced heating after the slumping limit re-creation test (profile 3). augmentation every time it was used, and therefore, it can be deemed reliable, although care needs to be exercised if accounting for the reflected heat flux is required in the post-test analysis.
The 0.25-inch trip arc -jet tests showed 25-30% lower heating bump factors compared to those seen protuberance trip. The protuberance material failure (slumping) limit was confirmed in test to be around 2900 deg F. Surpassing that limit by approximately 100 deg F was achieved with the 0.35-inch protuberance by installing a polished cold wall opposite to the test article.
The protuberance material failure mode did not involve unzipping or tunneling effects. The downstream acreage tile temperatures were well within acceptable limits.
The temperature-indicating paint did not provide a consistent correlation with the thermocouple readings, and therefore its use in the arc -jet environments was considered unsuccessful.
